Gas-phase fundamental and CH and CO overtone spectra (700-17 500 cm -I) of 2,2,2-trideuteroacetaldehyde were recorded using FTIR and laser photoacoustic techniques. The Fermi resonance structure in the overtone spectra of the coupled CH stretching and in-plane CH bending vibrations is analyzed with a tridiagonal Hamiltonian, yielding a large effective coupling constant, I k ;bb I = 93 cm -I, corresponding to subpicosecond redistribution times. No coupling between the outof-plane CH bending mode and the Fermi resonance system is apparent. This study presents the first detailed analysis of the anharmonic couplings in the CH chromophore at an spz carbon atom. The inplane CH bending vibration couples in a manner similar to the CH( Sp3) bending vibrations, whereas the out-of-plane bending vibration is decoupled, similar to the CH(sp) bending vibrations.
I. INTRODUCTION
Fermi resonances 1 provide an essential mechanism for intramolecular vibrational energy flow z and often dominate the vibrational dynamics in highly excited molecules. 3 In previous investigations, we have established an apparently universal existence of a strong Fermi resonance between CH stretching and bending vibrations in the Sp3 alkyl CH chromophore. 4 -1O Because of the low CH bending frequencies in the acetylenic sp CH chromophore this resonance is quenched, which can be understood on the basis of an adiabatic separation between stretching and bending motions. 4 ,11.lz The question arises, how the coupling in an spz CH chromophore relates to the coupling in sp and Sp3 CH chromophores. The nature of the spz CH chromophore is of particular interest, because a Fermi resonance has been proposed 13 to be partly responsible for the broad absorption features in room temperature benzene. 14 However, recent spectra of jet cooled benzene ls may question this interpretation.
In order to investigate the Fermi resonance structure in the spectrum of the CH chromophore of spz hydrocarbons we have selected trideuteroacetaldehyde (CD 3 CHO) as one model system. The high overtone absorption in this compound is dominated by the isolated Sp2 CH chromophore with its coupled stretching and bending modes. A Fermi resonance doublet structure with bands at 2821 and 2719 cm -1 has been found in the CH stretching fundamental. The in-plane bending fundamental is at 1388 cm -1, whereas the out-of-plane bending fundamental was found at 624 cm -1.16 Thus, there is the interesting possibility of a further 1:2 Fermi resonance between the two bending vibrations. The goal of our study was to characterize completely the high overtone spectra and to provide an analysis in terms of the various possible resonances. There have been no previous stud-.) From: Renato Zenobi, Diplomarbeit, ETH Ziirich ( 1986) . ies of the overtone spectra of this compound but there exist two recent investigations of the much more complex overtone spectra ofCH 3 CHO, which are dominated by the methyl group absorptions. 17.18
There is a fair amount of spectroscopic ground work available for acetaldehyde and its isotopomers.
I 6-24 In par- In the latter work, the existence of a stretch bend Fermi resonance in the fundamental region was already established, which provided one reason for selecting CD 3 CHO for a more detailed study of the overtone spectra.
II. EXPERIMENTAL
Large amounts of CD 3 CHO were necessary for recording the overtone spectra. Starting from commercially available perdeuterated acetic acid, CD 3 CHO was synthesized according to the following scheme:
(1)
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The reduction in the first step was performed with LiAIH4 (LAH) using diethyleneglycolmonomethylether, CH 3 0(CH 2 )2 O(CH 2 )zOH, (ROH), to hydrolyze the initially formed aluminum complex [(CD3CH20)4AI] -Li+ and diethyleneglycoldiethylether,
as solvent with high boiling point (189 DC). The oxidation in the second step was carried out with pyridinium-chloromonochromate (deuterochloride, PCC) in I-methylnaphthaline as solvent (MN, boiling point 244 DC). The deuterochloride of PCC was chosen as a reactant to prevent possible proton exchange of the a-deuteriums in the acidic medium of the second step. The procedure allows easy separation of the intermediate trideuteroethanol by distillation, and of the product trideuteroacetaldehyde by pumping off at 15 mbar. All reactions were carried out under dry N2 in order to avoid contamination with water. More than 0.5 mol of CD 3 CHO could be synthesized with greater than 99.6% chemical purity and greater than 97.7% deuteration in the CD 3 group, as proven by gas chromatography, NMR spectroscopy, and IR spectroscopy. This also established the identity of the product. The sample preparation for quantitative spectroscopy included several freeze-pump-thaw cycles in order to remove air.
Using the Zurich BOMEM DA002 interferometric Fourier transform spectrometer system, which allows for a maximum apodized resolution of 0.004 cm -I, several spectra were taken at modest resolution to cover the complete range from 700 to about 14 000 cm -I. Selected regions were then measured at high resolution. The optical path in a multipass cell was calibrated using CHF 3 as a standard. Band strength measurements (pressure broadened spectra with 1 bar N 2) are estimated to be accurate within about 20% in the N = 1 and N = 2 overtone region and within about 40% in the N = 3 and 4 overtone spectra. The frequency measurement is accurate within the resolution as checked by several calibrations. Details of the techniques have been described extensively elsewhere. 5.
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The overtones in the visible have been measured in Stanford by the photoacoustic technique in the range from 12 000 and 17 500 cm -I using several laser dyes. Typical CD 3 CHO pressures in these measurements were 500 mbar. Some samples in these measurements contained CO 2 , which did not perturb the results, because the CO 2 absorption is very weak in this range. Band strengths were estimated using benzene and neopentane as internal references. However, this did not allow for a direct comparison with the FTIR data. Details of the Stanford photoacoustic laser spectroscopy system and experimental procedures have been described before.9.25.26
III. RESULTS AND DISCUSSION
A. Rotational band shapes and fundamental spectrum in the mid infrared (VI to v lO ) and 5 a" (VII to VIS) normal vibrations. For a' fundamentals and overtones A, B, or AB hybrid bands are expected, whereas the a" transitions should be of type C. Table I gives a summary of the fundamental frequencies ofCD 3 CHO and Fig. 1 provides a survey of the mid IR spectrum showing some of the fundamentals. We shall concentrate here on those vibrations relevant for the analysis of the overtone spectra. Our data for the whole range are in general agreement with previous results 16 but more accurate. The data in Table I ' " u " ' " The in-plane CH bending fundamental Vs (or Vb) is a moderately strong band. A preliminary analysis of the high resolution spectrum gives a band center of 1387.67 cm -I. Figure 2 ( a) shows a survey spectrum of this band obtained for a sample at a pressure of 90 mbar, in comparison with a simulated envelope based on preliminary spectroscopic constants and a pressure self-broadening coefficient of 1 cm -I / bar. Figure 2 (b) shows a comparison of a small section of this spectrum with a result obtained in a long path cell and 5 mbar sample pressure. This illustrates the surprisingly large pressure broadening in this band. The A:B ratio of this AB hybrid band was estimated from the simulation to be about 28:72. The CH in-plane bending motion is somewhat mixed with the CO stretching motion, which is of the same symmetry and rather close in frequency. From a purely local CHbending mode a higher A content would have been expected. The CO-stretching fundamental appears very strongly at 1754cm-1 (see Fig. 1 ). The CH stretching fundamental (VI or Vs ) is in strong Fermi resonance with the first overtone of the CH bending vibration. This leads to the appearance of a doublet centered near 2750 cm -I and the complex overtone spectrum, as discussed below in detail. Another vibration of potential importance for the CH overtone spectrum is the out-of-plane CH-bending vibration. All normal vibrations of the triplet V 1 2, V!3' and V I4 contain a substantial amount of this local CH bending motion. If the fundamental at 624 cm -I is associated with the out-of-plane bending motion, a Fermi resonance of its overtone near 1250 cm -I with the inplane b~nding vibration might perhaps be expected, and this resonance pair might be coupled to the CH stretching mode and fall closer to it at high overtones. As we shall see below, no evidence for such a behavior is found experimentally.
B. The evaluation of the CH stretch-bend resonance Hamiltonian and spectrum
By analogy to the Sp3 CH chromophore we might expect the CH overtone spectrum to be dominated by the CH stretching and bending vibrations, which are strongly coupled by anharmonic Fermi and Darling-Dennison resonances. The general theory for the asymmetric top cases has been outlined in Ref. 10 . In the present case we found that the low frequency bending mode is decoupled. Consequently, the Fermi resonance occurs between the CH stretching mode Vs and the high frequency in-plane CH bending mode Vb ' The effective Hamiltonian is block diagonal in the chromophore quantum number The nonzero off-diagonal elements in each block are given by Eq. (4)
The effective Hamiltonian is defined by six spectroscopic parameters, for which we have used conventional symbols supplemented by a prime. The parameters have a complex significance. To lowest order, the off-diagonal Fermi resonance parameter k ;bb can be associated conventionally with a cubic force constant in the normal coordinate (q) representation of the potential, corresponding to the term ksbb q s rib .27 This is a very rough approximation, which is now known to be poor, in general, and more fundamental interpretations have been discussed elsewhere. s -7 The eigenvalues of the effective Hamiltonian can be compared to the positions of overtone bands in the CH spectrum. The eigenvector components can be used to calculate relative intensities within the polyads. If one assumes that only the pure CH stretching overtones carry oscillator strength one has for the relative band strengths gN:
j j
Relative band strengths can also be obtained from experiment using the relations: 
The sums in these equations are taken over the states in each polyad N. Ai labels states in the polyad N in the order of decreasing energy with increasing j. The absorption cross section u, the band center VA' particle density concentration C, optical absorption path length t, and incident (/0) and transmitted (/) intensity have their usual significance. Deviations from the simple one-dimensional dipole function model for low overtones are expected. We shall see later that deviations also occur for some of the higher overtones. They can be understood qualitatively and thus only approximate agreement of experimental and theoretical intensities should be expected. Nevertheless, the relative intensities are crucial for the Fermi resonance band assignments. They are the signature of the CH chromophore in the spectrum.
C. The CH chromophore overtone spectra the FTIR and the photoacoustic spectra, with good agreement among the two. For the highest overtones the polyads are dominated by one or two intense bands. For most of the infrared bands, some coarse rotational structure is observed. We have not evaluated the rotational fine structure for most of the overtone bands, but we have estimated the band centers from the minima of resolved PQQR structures and the central maxima for PQR structures. For the overtones in the visible, only the maxima of the moderately broad bands could be evaluated. Table II summarizes the wavenumber and intensity information from experiment and theory. For such a simple model the fit is generally very good with a root mean square deviation of 4.4 cm -1. The best fit parameters of the effective Hamiltonian are given in Table III . The large parameters are well determined and not very sensitive to details of the weighting or the fit procedure. This is evident, for instance, C This column gives the weights for all those experimental values which were included in the fit. The number gives the weight for the corresponding frequency, the number in parentheses has to be multiplied by 10 000 to get the weight for the corresponding intensity. The factor arises from the different orders of magnitude of gj and Vj values that were included in the fit. d For our components (1/2) I' (1) " and (1) iBand with a complex structure (unresolved rotational envelope. PQR or PQQR, respectively). k Poor signal to noise ratio. I Region superimposed by components of the next higher polyad. mShoulder. n Absorption with a complex structure. The minimum lies at about 13 522 cm-I, the higher frequency maximum (listed) at 13 555 em-I. (Actually, one does not expect a resolved rotational envelope here). o Broad, unstructured band. "Out offrequency range. q Polyad overlap in the predicted band positions. e Root mean square deviation for the n. assigned bands of the CH chromophore. fWeight for all data included in the fit according to Table II. "Tenfold weight for the band center of the bending fundamental, unit weight for all other data, except intensities, see Table II . Ik ;bb I = 93 cm-I , which is estimated to be accurate to within better than 10% including many possible error sources. This anharmonic coupling constant is thus larger than the diagonal anharmonicity constant x;'. It is of the same order of magnitude as found for the Sp3 CH chromophore.
-

1O
In a time-dependent description, the large coupling leads to energy redistribution between the CH stretching and the in-plane bending motion on a subpicosecond time scale (about 0.1 ps). Table IV summarizes the absolute intensities, summed for each polyad. We note a sharp drop in intensity at N = 2.
Although this is established with certainty, the interpretation is not yet firm. The 95% confidence intervals are only part ofthe total error, which is estimated to be within 20% to 40% for the FfIR spectra (see Sec. II). The estimated values for N>5 are given as an indication only, without any error limit (the error may be very large). The intensities of the high overtones are of the same order of magnitude but somewhat larger than those found for the alkyl CH-chromophore. 28 Because of the experimental uncertainties, we have not pursued a theoretical evaluation.
In the high overtone region, most of the intensity is carried by the CH stretch-bend polyads. There is, in particular, no evidence for further Fermi resonance coupling with the low frequency out of plane CH bending or related vibrations. These seem to be adiabatically decoupled, at least on a short time scale. In the lower part of the spectrum, some further bands appear that can be associated with the CO stretching vibration and its combinations with the CH chromophore polyads.
D. Assignment of bands involving the CO stretching and other vibrations
Almost all of the intensity in the overtone spectrum can be accounted for by CH chromophore transitions and by CO overtones and combinations with the former. Many of these bands have been assigned in Table V . There we use the notation for combination polyads (N + v 4 )j' similar to simple polyads. The situation is quite similar to the combination polyads in CHF 3 , CHD 3 , and CHCIF 2 , where the relevant heavy atom vibrations are the CF 3 -stretching and the CD 3 -stretching vibrations, etc. Combinations with heavy atom vibrations involving the carbon atom of the CH chromophore seem to appear rather regularly. The matter has already been discussed in,1·9 but we have not found sufficient evidence for inclusion of an explicit coupling term in the effective Hamiltonian. 7 . 9 . 29 The two band systems (with and without the heavy atom motions) can be analyzed as separate, effectively decoupled systems, although in the future perhaps a global analysis will become possible. Table V contains also the assignment of the CO stretching overtone series. This can be well fitted by a local Morse oscillator term formula up to 4v 4 • The coupled nature ofthe CO stretching and CH bending modes can be seen from the rotational band shapes. The pure local CH bending polarization is parallel to the a axis, giving much A-type band structure, whereas CO stretching is closer parallel to the b axis, giving B-type bands. In reality, the bands are hybrids whose description differs from a "local mode" interpretation.
IV. CONCLUSIONS
We can draw the following main conclusions: (i) For the first time it has been possible to characterize completely the strong stretch-bend Fermi resonance in the overtone spectrum of an isolated CH chromophore of a Sp2 carbon atom. It is found that only the high frequency inplane CH bending vibration participates in the anharmonic resonance system, whereas the out-of-plane CH bending frequency is adiabatically decoupled.
(ii) The effective anharmonic coupling parameter k ;bb has a large value (about 93 cm-I for CD 3 CHO), similar to couplings found for the alkyl CH chromophore.4-1O This strong coupling results in a time scale of about 0.1 ps for energy flow between the CH stretching and bending vibrations.
(iii) Any further fine structure arising from coupling to other vibrations was not identified and is either much narrower or much less intense, corresponding to redistribution times at least an order of magnitude longer than for CH stretching and bending or to much less complete redistribution.
(iv) Overtones up to v = 4 for the CO stretching vibration and combination bands with the CH stretch bend system can be identified. The two band systems can be well analyzed separately and thus the coupling, if any, is off resonant.
This study also suggests some directions for future research. A more complete theoretical treatment might involve the CHO chromophore as a whole. The present results also pave the way for an inclusion of Fermi resonance in the analysis of overtone spectra of ordinary acetaldehyde (CH 3 CHO), which so far has not been possible. 17 This may prove crucial for a proper understanding of McKean's correlations between CH stretching frequencies and dissociation energies in this molecule. 30 A more detailed understanding of the physical significance of the Fermi resonance coupling in terms of the potential surface for acetaldehyde can be obtained by a combination with accurate ab initio calculations, which are well in reach for this molecule, similar to CHD3.7 On a somewhat simpler level one can also use appropriate modifications of internal coordinate Hamiltonians for modeling the Sp2 CH stretch bend Fermi resonance. 14.31.32 In this context, our results may also be helpful in the analysis of the more complex and so far not quantitatively understood spectra of the local Sp2 CH chromophore in benzene. [13] [14] [15] 
